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Abstract. Yttria-stabilized zirconia (YSZ) was implanted with 15 keV Fe or Ti ions up to a dose of 
8 x 1016 at cm -2. The resulting "dopant" concentrations exceeded the concentrations corre- 
sponding to the equilibrium solid solubility of Fe2Oa or TiO2 in YSZ. During oxidation in air at 
400 ° C, the Fe and Ti concentration i  the outermost surface layer increased even further until a 
surface layer was formed of mainly Fe20 3 and TiO2, as shown by XPS and ISS measurements. 
From the time dependence of the Fe and Ti depth profiles during anneal treatments, diffusion 
coefficients were calculated. From those values it was estimated that the maximum temperature at 
which the Fe- and Ti-implanted layers can be operated without changes in the dopant 
concentration profiles was 700 and 800 ° C, respectively. The high-dose implanted layer was 
completely amorphous even after annealing up to 1100 ° C, as shown by scanning transmission 
electron microscopy. Preliminary measurements on 50 keV Ag implanted YSZ indicate that in 
this case the amorphous layer recrystallizes into fine grained cubic YSZ at a temperature of about 
1000 °C. The average grain diameter was estimated at 20 nm, whereas the original grain size of 
YSZ before implantation was 400 nm. This result implies that the grain size in the surface of a 
ceramic material can be decreased by ion beam amorphisation and subsequent recrystallisation at 
elevated temperatures. 
PACS: 61.70.Tm, 66.30.Jt 
Yttria-stabilized zirconia (YSZ) is an important oxygen 
ion conducting solid electrolyte. It is used in applications 
like oxygen sensors, oxygen pumps, and fuel cells [1]. 
Mixed conducting oxides, which show both ionic and 
electronic onductivity, are considered to be attractive 
candidates for use as electrode material on top of YSZ 
[2-4]. 
The major objective of the present study is to check the 
possibility to obtain by ion implantation a mixed con- 
ducting surface layer in YSZ [5-9] and in this way to 
investigate the possibility to increase the rate of electro- 
chemical reactions at the gas-solid interface, Fe and Ti 
have been chosen as dopants since the corresponding 
oxides are semiconductors at the operating temperature 
of YSZ [10,11]. Some studies on the electronic properties 
of YSZ doped with transition metal oxides have shown 
that mixed conductivity is obtained. These results, how- 
ever, depend strongly on temperature, oxygen partial 
pressure, and dopant concentration [5, 12-15]. 
Ion implantation has been used as a surface modifica- 
tion technique because the transport of oxygen ions from 
the ion implanted surface layer into the solid electrolyte 
can take place very gradually. By, e.g., sputtering of doped 
YSZ a sharp interface would exist between the sputtered 
thin film and the solid electrolyte. Such an interface may 
hinder the transport of oxygen from the mixed conducting 
surface layer into the solid electrolyte, especially if the 
mixed conducting layer and the solid electrolyte are not 
iso-structural. 
Transition metal oxides have only limited solid solu- 
bility in YSZ. The concentration fthe implanted ion that 
can be obtained by ion implantation is independent ofits 
equilibrium solid solubility level. Concentrations of the 
transition metal oxide far above its solubility level may be 
necessary in order to obtain the desired effects. 
In this paper we report on the chemical composition of 
the surface, the thermal stability of the dopant depth 
profile and the microstructure of the implanted layer. 
With respect to the microstructure also preliminars, 
results on Ag-implanted YSZ, indicating the influence of 
the type of implanted ion, are reported. In subsequent 
papers the electrochemical properties of the ion- 
implanted layer will be discussed [16]. 
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1. Experimental 
Yttria stabilized zirconia powder [Zircar, type: ZYP 
(ZrOz)o.87(YO1.5)0.13 ] was isostatically pressed 
(400 MPa) and heated, first for three hours at 1300 ° C and 
finally for three hours at 1400 ° C. Rods were obtained 
with a density of 5.89 g cm -3 (=99% of theoretical 
density). From these rods discs were cut (diameter: 
10 mm, thickness: 1 mm). The discs were mechanically 
polished, first with SiC (29, 9, 7, and 5 ktm) and finally 
diamond paste (7 and 3 ~tm). 
The ion implantations were performed at room tem- 
perature in a vacuum of 5 x 10-5 Pa. The YSZ discs were 
implanted perpendicular to the sample surface at a beam 
current density of 2 ktA cm- 2 using the isotope separator 
of the Laboratory for General Physics (LAN) of the State 
University of Groningen. For the hot cathode ion source 
FeC12 • 4 H20 (Merck, p.a.) was used as feed material for 
Fe implantations. For the Ti implantation heated TiO 2 
(BDH chemicals Ltd) was chlorinated in situ with carbon 
tetrachloride. In this paper most experiments were perfor- 
med on YSZ discs, implanted with 15 keV S6Fe or 48Ti up 
to a dose of 8x 10a6atcm -2. Due to the Fe and Ti 
implantation, the YSZ discs showed respectively a brown 
metallic and a silver colour. After oxidation at 400 ° C in 
air the Fe implanted samples turned orange while the Ti- 
implanted samples regained their original white colour. 
The preliminary Ag-implantation experiments were per- 
formed at 50 keV up to a dose of 8 x 1016 atcm -2. 
Subsequently the implanted YSZ discs were annealed 
in a Pt crucible in a preheated furnace in air at tempera- 
tures between 800-1400°C. The temperature of the 
samples was measured close to the Pt crucible with a 
chromel-alumel thermocouple at temperatures below 
1000° C and with a Pt/Pt-10% Rh one above 1000 ° C. 
Rutherford backscattering (RBS) experiments have 
been performed using the 5 MeV van der Graaff ac- 
celerator of the LAN of the State University of Gronin- 
gen. Depending on the specific depth distribution of the 
implanted ions, 2 or 3 MeV 4He ions were used as primary 
ions. All measurements were carried out with a scattering 
angle of 165° in the laboratory frame of reference and with 
an angle of 60 ° between the surface normal and the 
incident beam. The surface barrier detector, with an 
energy resolution of 26 keV (FWHM), was positioned at 
75 ° with respect to the surface normal. With this energy 
resolution of the detector, a depth resolution of 12 nm 
(FWHM) was obtained in the described scattering 
geometry. 
As the analyzed depth profiles were rather shallow, the 
surface nergy approximation was used in calculating the 
stopping- and differential scattering cross sections [17]. 
From the Fe, Ti, and Zr+Y signal heights, the 
Fe/(Fe + Zr + Y) and Ti/(Ti + Zr + Y) cation ratios were 
calculated. The ratio of oxygen atoms to cations was 
calculated by assuming the number of oxygen atoms to be 
in stoichiometric atio with the maximum valence state of 
the cations (i.e. Fe 3 +, Ti 4 +, y3 +, and Zr 4 +). This assump- 
tion holds if the sample is oxidized at 400 ° C in air. If the 
oxidation isnot performed, than the ion implanted layer is 
oxygen deficient. The procedure followed here differs from 
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Fig. 1. Experimental RBS spectrum for Ti-implanted YSZ. The 
spectrum simulated with the "RUMP" [18] programme based on 
the calculated Ti profile of Fig. 2b 
the one used by Scholten et al. [-6] and yields slightly 
different profile shapes. 
The stopping cross section of the compound YSZ 
target was calculated from the atomic composition ac- 
cording to Bragg's rule [17], enabling the RBS energy 
scale to be translated into a depth scale (at cm-2). The 
at cm-z depth scale was recalculated in nm by assuming 
that the atomic density had not changed during implan- 
tation. No corrections were applied for the limited energy 
resolution of the surface barrier detector, nor for the range 
straggling of the scattered ions. 
With the computer program RUMP [18], the RBS 
spectrum was simulated from the calculated Fe or Ti 
depth profile. As demonstrated by Fig. I a good agree- 
ment was obtained between the observed and calculated 
RBS spectrum. 
X-ray photoelectron spectroscopy (XPS) measure- 
ments were performed with the Kratos X SAM-800 
apparatus of the Centre for Materials Science (CMO) of 
Twente University. The spectra were recorded with 
Mg-K,1,2 (1253.6 eV) radiation. The photoelectrons were 
analyzed in a concentric hemisphere analyzer (CHA) 
which was located perpendicular to the sample's surface. 
The energy resolution of the CHA was 0.99 eV (FWHM) 
at the pass energy of 20 eV. Background corrections were 
applied following the method eveloped by Shirley [19]. 
Corrections for surface charging (2-5 V) were applied 
using the C ls signal (285.1 eV, due to surface impurities) 
as a reference. This resulted in a binding energy of 
530.2 eV for the O ls electron. When the C ls signal 
disappeared due to sputtering then the O ls signal was 
taken as a reference. 
The sampling depth of the XPS measurements 
amounts to 2-3 nm. In order to obtain a sputtering depth 
profile, a 3 keV Ar + ion beam was used with a sputter rate 
of 0.6 nmmin -1 for Ta20 5. The corresponding sputter 
rate for YSZ was calculated by adjusting the value of the 
sputter rate until a best agreement was obtained between 
the RBS and XPS depth profile. This resulted in a sputter 
rate of 0.6 nm rain - 1 and 0.43 nm min- 1 for respectively 
the Fe- and Ti-implanted layers. The depth resolution of 
the sputter profile is estimated to be within the range of 
20-30 nm (FWHM). 
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Table 1. XPS sensitivity factors, relative to Zr 3d = 1 
Element Area Area 
2p 3d 
Zr 1 
Y 0.26 
Fe 1.64 
Ti 1.37 
For quantitative analysis of the XPS data accurate 
atomic sensitivity factors had to be obtained [20]. The 
absolute surface concentration from the RBS spectra 
could not be used for this purpose as this concentration is 
unreliable due to the limited energy resolution of the 
detector. Instead it was assumed that the Fe/(Fe + Zr + Y) 
and Ti/(Ti + Zr + Y) cation ratio at a depth respectively of
5 and of 8 nm should be the same in both the XPS profiles 
and the RBS spectra• These depth values were chosen to 
calibrate the sensitivity factors as the depth profiles were 
relatively fiat at that place• Resulting atomic sensitivity 
factors, relative to Zr 3d = 1.00, are shown in Table 1. 
Low energy ion scattering (ISS) experiments were 
performed at the University of Tfibingen (FRG) using 
1 keV 4He ÷ as primary ion. Scattered ions were analyzed 
in a CHA at a scattering angle of 135 °. In order to avoid 
charging the measurements were performed at elevated 
temperatures u ing resistive heating of the Pt sample 
holder. 
The microstructure of the ion implanted sample was 
investigated with a Jeol JEM-200CX scanning trans- 
mission electron microscope. After polishing the samples 
to a thickness of 50 gm, the samples were iron milled 
(3 keV Ar ÷) from the backside until a hole appeared. 
2. Results  
2.1 Surface Modification 
Figure 2 shows typical Fe and Ti depth profiles, as 
determined by RBS, for samples annealed inair at 400 ° C 
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Fig. 3a, b. Core-level XPS spectra for the implanted samples after 
oxidation at 400 °C. (a) Fe-implanted YSZ and (b) Ti-implanted YSZ, 
both at standard implantation conditions 
for 30 min. A remarkable difference xists between the 
maximum cation ratio of the Fe and Ti depth profiles (0.50 
and 0.70 respectively). The total number of Fe and Ti 
atoms implanted inthe sample, obtained from integration 
of the depth profiles, is respectively 3X1016 and 
3.5 x 1016. The remainder has been sputtered away during 
ion implantation. 
XPS in combination with Ar + sputtering was used to 
determine the Fe or Ti concentration in the first 5 nm of 
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Fig. 2a, b. RBS depth profiles, given as cation 
fractions, for the implanted ions after oxidation 
at 400 °C, (a) for Fe and (b) for Ti, both at 
standard implantation conditions. The solid 
lines represent the calculated epth profiles of 
Eq. (1) using the parameters ofTable 2. The 
horizontal broken lines represent the respective 
solubility limits for Fe and Ti in YSZ (17 
cation% Y) at 1500 ° C in air 
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Fig. 4a, h. XPS depth profiles, given as cation 
fractions, for the implanted ions after oxidation 
at 400 ° C, (a) for Fe and (b) for Ti, both at 
standard implantation conditions• The solid 
lines represent the respective RBS depth profiles 
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Fig. 5a, b. Low energy ion scattering spectra for the implanted 
samples after oxidation at 400 ° C, (a) for Fe-implanted YSZ and (b) 
for Ti-implanted YSZ, both at standard implantation conditions 
the YSZ sample more carefully (Figs• 3, 4). Fe and Ti 
depth profiles, as determined by successive Ar ÷ ion 
bombardments followed by XPS analysis are depicted in 
Fig. 4. The Fe depth profile (Fig. 4a) shows a strong 
enrichment of the outermost urface layer with Fe extend- 
ing over 3 nm. A similar result is obtained for Ti 
implanted YSZ (Fig. 4b). Beyond this Ti-enriched layer at 
the outermost surface, however, a maximum appears in 
the Ti depth profile at a depth of 8nm. 
The Fe 2p and Ti 2p core level XPS spectra of the 
outermost surface of Fe- or Ti-implanted YSZ are shown 
in Fig. 3. The binding energy of the 
Fe2p3/z(711.5+_O.2eV) and Ti2p3/2(458.7_0.2eV) 
electrons indicate implanted ions to be present as Fe 3 + 
(e.g. Fe203) and Ti as Ti 4+ (e.g. TiO2) 1-21,22]. 
The outermost surface composition was probed by 
ISS. The ISS spectra, as given in Fig. 5, show the sample 
surfaces to be slightly contaminated with Na. The Pt 
signal originates from the sample holder• The most 
striking result is that in the outermost YSZ surface only O 
and Fe and almost no Zr or Y are found• Apparently only 
Fe20 3 is present in the outermost surface layer. In the 
case of the Ti-implanted sample almost no Y or Zr signal 
is measured and the outermost surface layer mainly 
consists of TiO2. 
2.2 Thermal Stability 
As YSZ is used as an oxygen ion conducting solid 
electrolyte at high temperatures, the thermal stability of 
the Fe and Ti depth profiles is of great importance• 
Therefore the Fe- and Ti-implanted YSZ samples were 
annealed at temperatures between 800 and 1400 ° C for a 
known time (t). Two representative F and Ti diffusion 
profiles, as determined by RBS, are shown in Fig. 6. 
Within the experimental ccuracy, the total number 9f 
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Fig. 6a, b. Change of depth profile of the 
implanted ions due to diffusion, (a) for Fe- 
implanted YSZ and (b) for Ti-implanted YSZ, 
both implanted under standard conditions 
implanted ions remained constant and consequently no 
significant evaporation of Fe or Ti from the surface had 
taken place. 
Diffusion coeffÉcients, D, were obtained from analysis 
of the time dependent composition profile during anneal- 
ing, according to [23]: 
1 ( ( )+ef t (  h+x ~ Co er r  h-x (1) C(x, t)= ~ 2 ~  \2~/ /  
where: 
C O = initial concentration of diffusing ion; 
h = thickness of the extended source of limited extent; 
t o = parameter which describes the initial composition 
profile after ion implantation; 
D = diffusion coefficient; 
t = diffusion time; 
x = space coordinate measured normal to the surface; 
This equation describes the concentration-distance curve 
for the linear diffusion of a source of limited extent into a 
semi-infinite system. In the derivation of this equation, it
has been assumed that no evaporation or trapping 
occurred at the surface. It has also been assumed that the 
diffusion coefficient is independent of time, position and 
concentration and that the initially implanted Fe or Ti 
concentration is below the solid solubility. The param- 
eters h, Co, to, and D were adjusted to produce best 
Table 2. Parameters describing the depth profiles, using Eq. (1), for 
Fe and for Ti implanted and oxidized YSZ samples 
Implanted Co h [nm] Dt o [nm 2] 
ion 
Ti 0.69+_0.04 19!2 45+6 
Fe 0.55+_0.03 16___2 37__+6 
Temperature (K) 
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Fig. 7. Comparison between the Y/Zr and Hf/Zr inter-diffusion 
coefficients in YSZ [24], and the chemical diffusion coefficients of Fe 
and Ti in YSZ. The diffusion parameters are given in Table 3 
agreement between the calculated profile and the measu- 
red diffusion profiles in Fig. 6 with the result given by the 
solid lines. The parameters which describe the initial Fe 
and Ti depth profiles are summarized in Table 2. 
The Arrhenius-plot of the experimentally determined 
diffusion coefficients of Fe and Ti in YSZ is shown in 
Fig. 7. Inter-diffusion coefficients of Y/Zr and Hf/Zr in 
YSZ, such as determined by Oishi et al. [24], are given for 
comparison. The activation energies and pre-exponential 
factors for the Fe and Ti diffusion coefficients are given in 
Table 3. 
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Table 3. Activation energy (Eaet) and pre-exponential factor (Do) for 
the chemical diffusion coefficient of Fe and Ti in YSZ in comparison 
with the interdiffusion coefficients of Y/Zr and Hf/Zr [23]. The 
magnitude ofthe diffusion coefficient D(T) at atemperature T can be 
obtained from the Arrhenius equation: D(T)=D o exp(-E,c,/RT) 
Diffusing Do E~c t Temperature 
element [cm2/s] [k J/moll range [°C] 
Fe (1.3_+0.6)_+10 -7 (1.9_+ 0.2) x 10 2 800-1400 
Ti (3 -[-2) X 10 -6 (2.3 _+0.2) x 102 800-1400 
Zr-Hf 0.031 391 1500-2100 
Y-Zr 0.27 423 1500-2100 
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2.3 Microstructure 
Although the investigations of the microstructure of the 
implanted YSZ samples are only preliminary, the results 
are considered relevant for the discussion of the present 
data. The Fe- and Ti-implanted layers in YSZ proved to 
remain amorphous after isochronal annealing for 1/2 hour 
at temperatures up to 1100°C as indicated by electron 
diffraction (Fig. 8). 
Different results were obtained for (50 keV-) Ag im- 
planted YSZ. After the implantation the originally cubic 
YSZ matrix also had turned amorphous. Even after 
isochronal annealing for 1/2 hour at temperatures up to 
800°C no crystalline recovery had taken place. After 
annealing the Ag implanted sample at 1000°C for 
1/2 hour, however, the ion implanted layer finally recry- 
stallized into fine grained cubic zirconia. The bright field 
image and the electron diffraction pattern are shown in 
Fig. 9. From the bright field image (Fig. 9a) it can be seen 
that the grain size of the cubic zirconia (originally around 
0.4 ~tm) has been reduced to 20 nm upon recrystallisation 
at 1000 ° C. The electron diffraction pattern in Fig. 9b can 
be indexed with the cubic zirconia phase with a cell 
parameter ofa = (5.10 + 0.05) A which is in fair agreement 
with the original cell parameter ofa = (5.1358 + 0.0002) A 
as determined by powder X-ray diffraction (XRD). The 
metallic Cu reflections in Fig. 9b originate from the 
copper deposited from the Cu sample holder onto the 
sample surface during "ion milling". Ag could not be 
detected by energy dispersive analysis of X-rays (EDAX) 
indicating the evaporation of silver from the surface 
and/or rapid diffusion into the YSZ lattice. 
3. Discussion 
The difference in the maximum Fe and Ti concentration 
in Fig. 2 after implantation under identical conditions i  
somewhat unexpected. It should be recalled, however, 
that the maximum concentration i the depth profile 
originates from a steady state, in which as many ions are 
implanted as sputtered away. The maximum concentra- 
tion of the implanted ion is inversely proportional to its 
sputter yield (number of atoms i sputtered away per 
incident ion) in the compound target [25]. Apparently the 
sputter yield of Fe ions during ion implantation is higher 
than for Ti ions. 
Fig. 8. Electron diffraction pattern of Fe-implanted YSZ (standard 
conditions and oxidized at 400 ° C) 
YSZ Cu 
(4.00) (220) 
(222),(311) 
(220) (200) 
(111) 
(200) 
(111) 
Fig. 9a, b. STEM micrographs of Ag-implanted YSZ (50 keV Ag at a 
dose of 8 x 1016 at cm-2 and annealed at1000 ° C in air for 1/2 hour). 
(a) Bright field image and (b) electron diffraction pattern of the 
implanted and recrystallized layer 
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The higher sputter yield of Fe ions in comparison to Ti 
ions during ion implantation isdifficult o explain. During 
depth profiling with 3 keV Ar + no preferential sputtering 
of Fe with respect o Zr was observed [8]. This was 
assumed to be also valid for Ti atoms. Under these 
conditions, however, oxygen was found to sputter pre- 
ferentially with respect o the cations. As a result the 
transition metal cations were reduced while the Zr 
oxidation state was less effected. The oxidation state of Fe 
and Ti in the oxidized implanted layer changed respec- 
tively from Fe 3 + to Fe 2 + and metallic Fe °, and from Ti 4 + 
to Ti 3 + and Ti 2+ upon Ar + ion bombardment. 
This preferential sputtering of oxygen also occurs 
during Fe [26, 27] and Ti implantation in YSZ. The 
concentration of the remaining oxygen is related to the 
oxidation state of the implanted ions in such a way that 
the charge of the cations will be compensated with O z- 
ions. A large fraction of the implanted Fe ions was present 
in metallic precipitates after high dose implantation [26] 
whereas from XPS measurements i  could be concluded 
that the implanted Ti ions were mainly present as Ti 4+, 
Ti 3 +, and Ti z +. As Fe showed a large tendency to form 
metallic precipitates, the oxygen content of the Fe im- 
planted layer will be lower than for the Ti-implanted la- 
yer in the steady state. This will result in a larger sputter 
yield of Fe ions in comparison to Ti ions. 
Moreover, the sputtering rate is related to the mass of 
the implanted ion. The higher the mass the higher the 
sputtering rate will be. The mass difference between Fe 
and Ti, however, is considered too small in order to 
explain the observed ifference in the maximum cation 
ratio. 
The Fe and Ti depth profiles as determined by XPS 
(Fig. 3) show an enrichment of the implanted ions in the 
outermost surface layer. As substantiated by ISS, the 
outermost surface layer consisted mainly of Fe203 and 
TiO2 after oxidation at 400°C in air. In the "as- 
implanted" state, the intensity of the Y and Zr signal in the 
ISS spectrum was about four times as high as in the 
"oxidized" state, indicating a further enrichment with Fe 
and Ti upon annealing in an oxidizing atmosphere. 
This surface nrichment should not be confused with 
interfacial segregation [28, 29]. Segregation is an equilib- 
rium process and the oxidation temperature of400 ° C is 
considered to be too low in order to obtain equilibrium. 
Similar driving forces, however, may be responsible for 
the surface nrichment of Fe and Ti during the oxidation 
at 400 ° C in air. A strong effect of the anneal atmosphere 
on the redistribution of implanted ions during annealing 
has been observed before by McHargue et al. [37] in the 
case of Fe implanted Al/O3. A profound redistribution of 
Fe towards the surface occurred uring annealing in an 
oxidizing atmosphere, but not in a reducing atmosphere. 
The calculated iffusion coefficients (Fig. 7) are con- 
siderably higher than the extrapolated values of the Y/Zr 
and Hf/Zr inter-diffusion coefficients in YSZ, such as 
determined by Oishi et al. [24]. This different behaviour 
may be due to the difference in ionic radii between the 
diffusing cations tYi4+ : 0.68 A, Fe 3 + : 0.64 A, 
Zr a+ :0.79 A, y3+ :0.89 A [30]). Oishi et al. [24] found 
that the smaller the cation, the lower the activation energy 
for cation self diffusion in YSZ. This can explain the 
difference in activation energy for the chemical diffusion 
coefficient of Ti 4+ and Fe 3+ in comparison to y3+ and 
Zr 4 + in YSZ. The difference may be explained in part by 
the fact that the implanted layer is disordered. Vacancies 
and interstitials have been created on both the anion and 
cation sublattice. The surface changed from a crystalline 
into an amorphous tate during ion bombardment. The 
diffusion coefficients in disordered solids are generally 
higher than in crystalline structures [31]. 
In the analysis of the time dependent concentration- 
distance curves a number of assumptions have been made, 
which have to be taken into account before definite 
conclusions can be drawn. First it was assumed that the 
diffusion coefficient is independent oftime, position, and 
concentration. The time and position independence is 
usually an adequate approximation for the post implan- 
tation case [32]. The concentration independence is
questionable aswe are not dealing with dilute solutions of 
Fe203 or TiO2 in YSZ. Secondly it was assumed that the 
Fe and Ti concentrations were below their levels of solid 
solubility, which isnot the case. It has been found by XRD 
analysis and application of Vegards law that the equilib- 
rium solubility level of Fe and Ti in cubic YSZ amounts to 
respectively 7mo1% Fe203 and 15mo1% TiO2 at 
1500 °C in air. These solubility levels have been indicated 
in Fig. 2 by the horizontal lines. As the limited solubility of 
the implanted ions has not been taken into account, the 
calculated iffusion coefficients will be too small. The Fe 
or Ti concentration gradient, which is the driving force for 
diffusion, has been overestimated bytaking the maximum 
concentration i the depth profile instead of the much 
lower equilibrium solid solubility. It may, however, be 
questioned in how far the equilibrium solubility level of 
Fe203 or TiOz in YSZ can be used for high dose Fe- or Ti- 
implanted YSZ, since the lattice became highly disordered 
and amorphous. Only after recrystallization f the amor- 
phous layer or when the diffusion tail penetrates in the 
crystalline YSZ region, then the solubility level will be 
relevant. 
The use of high Fe and Ti concentrations in determin- 
ing diffusion coefficients has been forced by the RBS 
technique. It is very difficult to detect small concentra- 
tions of a light element in a heavy matrix. As the RBS 
technique isessentially nondestructive, consecutive diffu- 
sion annealing experiments could be performed on a 
single sample. 
In analogy with ion-implanted metals [32], annealing 
of the high dose implanted samples should result in 
precipitation when the solubility limit is exceeded. Pro- 
longed annealing then would lead to the dissolution of the 
precipitates accompanied by transport of the implanted 
ions into the single phase bulk. This transport should start 
from its equilibrium solid solubility level. A sharp discon- 
tinuity in the slope of the concentration-distance curve is 
then expected at the boundary between the one and two 
phase region. The large scatter in the calculated 
concentration-distance curve or the limited depth reso- 
lution of the RBS spectrum ay be responsible for the fact 
that such a discontinuity, if present, could not be detected 
in the Fe and Ti diffusion profiles of Fig. 6. 
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For (electrochemical) characterization and possible 
applications it is important o establish the maximum 
temperature at which the profile does not significantly 
change over a prolonged period of time. Based on the Fe 
and Ti depth profiles of Fig. 2, and the condition that a 
maximum decrease of 10% in the surface concentration of
the implanted ion can be allowed, the diffusion coefficient 
must be less than 10 -17 cm2s -~. Extrapolation of the 
Arrhenius plot of Fig. 7 then leads to a maximum 
operation temperature of 700 ° C for Fe, and 800 ° C for Ti- 
implanted YSZ. The decrease in surface concentration is 
not linear with time, after an initial rapid decrease the 
decrease will diminish due to a flattening of the initially 
steep concentration gradient. 
The amorphisation ofZrO2 by ion bombardment has 
been questioned for a long time [27, 33]. Electron diffrac- 
tion patterns of Fe and Ti implanted YSZ showed that 
YSZ turned amorphous after high dose implantation. The 
same result was obtained for Ag-implanted YSZ. 
As previously reported, the recrystallisation of an 
amorphous layer depends trongly on the implanted ion 
[9]. An important step in the recrystallisation process is 
the nucleation of a crystalline phase. Legg et al. [36] 
concluded that the nucleation and crystal growth temper- 
ature ranges for alumina precipitates in Al-implanted 
YSZ were well separated. Slow heating through the 
nucleation temperature ange (1150-1250 ° C) resulted in a 
nucleation controlled microstructure consisting of inter- 
connected alumina precipitates on top of YSZ. The 
recrystallization fan amorphous YSZ layer was studied 
by Cohen et al. [34] in the case ofYb-implanted YSZ. The 
amorphous YSZ layer recrystallized epitaxially upon 
annealing. 
In this paper it has been shown that amorphous YSZ, 
which resulted from the implantation of Ag, recrystallized 
at 1000°C in small and randomly oriented crystallites 
with a cubic crystal structure. The crystallization of YSZ 
((ZrO2)o.aT(YO1.5)o.13) mainly into a cubic phase is in 
agreement with t e phase diagram of YSZ [35]. After 
annealing at temperatures up to 1100 ° C for 1/2 hour Fe- 
and Ti-implanted YSZ were still amorphous. Probably, 
the crystallization is delayed by the absence of nucleation. 
No precipitation of second phases has yet been observed, 
despite the fact that, even at 800 ° C, the inter-diffusion 
coefficient and annealing time should be considered large 
enough ( (V~ = 3 nm) in comparison to the lateral reso- 
lution of the transmission electron microscope. The 
evaporation ofimplanted Ag from the sample surface may 
explain the absence of any metallic Ag precipitates in 
ZrO2. Such precipitates have been observed by Abouch- 
acra et al. [38] in Ag-implanted MgO. In their case 
(180 keV Ag +, 5 x 10a6-1017 atcm -2 in MgO) the ions 
were implanted deep under the surface (mean projected 
range = 141 nm). 
4. Conclusions 
The implantation of 15 keV Fe or Ti ions up to a dose of 
8 x 1016 at cm -1 results in a diffusion like depth profile 
with a thickness of 20 nm. The maximum Fe and Ti 
B. A. van Hassel and A. J. Burggraaf 
concentrations correspond to a cation fraction of 0.50 and 
0.70, respectively, as shown by RBS. The maximum 
concentration ofthe dopant depth profile is located at the 
surface due to a steady state situation in which as many 
ions are implanted as sputtered away. The concentration 
difference between the Fe and Ti depth profiles is caused 
by a lower sputtering rate for the Ti-implanted layer in 
comparison to the Fe-implanted layer. During oxidation 
in air at 400 ° C, the Fe or Ti concentration in the 
outermost surface layer (0-2 nm) increases even further 
until mainly Fe203 or TiO2 is present, as shown by XPS 
in combination with ISS. 
The diffusion of Fe or Ti ions in the YSZ matrix is 
thermally activated with activation energies of (1.9 + 0.2) 
x 102 and (2.3 __+ 0.2) x 102 kJ/mol, respectively. Based on 
the experimentally determined Fe and Ti diffusion coeffi- 
cients it is concluded that the maximum operating 
temperatures at which the implanted opant profiles are 
still stable in time are about 700 and 800 ° C, respectively. 
At higher temperatures the diffusion of Fe or Ti takes 
place into deeper layers of the polycrystalline YSZ matrix. 
The implantation f 15 keV Fe and Ti or 50 keV Ag up 
to a dose of 8 x 1016atcm-2, results in a complete 
amorphisation of the YSZ matrix, as shown by scanning 
transmission electron microscopy. After isochronal an- 
nealing for 1/2 hour at temperatures between 400 and 
II00°C the Fe- and Ti-implanted samples remained 
amorphous. The Ag-implanted sample recrystallised at 
1000 ° C into cubic zirconia with a mean grain diameter of 
about 20 nm, whereas the original bulk grain diameter 
amounted to 400 nm. From this result it can be concluded 
that the grain size of polycrystalline c ramic materials can 
be decreased by ion beam amorphisation and subsequent 
recrystallisation at elevated temperatures. 
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